Abstract. El Niño South Oscillation (ENSO) is one climatic phenomenon related to the inter-annual variability of global meteorological patterns influencing sea surface temperature and rainfall variability. It influences human health indirectly through extreme temperature and moisture conditions that may accelerate the spread of some vector-borne viral diseases, like dengue fever (DF). This work examines the spatial distribution of association between ENSO and DF in the countries of the Americas during 1995-2004, which includes the 1997-1998 El Niño, one of the most important climatic events of 20 th century. Data regarding the South Oscillation index (SOI), indicating El Niño-La Niña activity, were obtained from Australian Bureau of Meteorology. The annual DF incidence (AI y ) by country was computed using Pan-American Health Association data. SOI and AI y values were standardised as deviations from the mean and plotted in bars-line graphics. The regression coefficient values between SOI and AI y (r SOI,AI ) were calculated and spatially interpolated by an inverse distance weighted algorithm. The results indicate that among the five years registering high number of cases (1998, 2002, 2001, 2003 and 1997), four had El Niño activity. In the southern hemisphere, the annual spatial weighted mean centre of epidemics moved southward, from 6°31' S in 1995 to 21°12' S in 1999 and the r SOI,AI values were negative in Cuba, Belize, Guyana and Costa Rica, indicating a synchrony between higher DF incidence rates and a higher El Niño activity. The r SOI,AI map allows visualisation of a graded surface with higher values of ENSO-DF associations for Mexico, Central America, northern Caribbean islands and the extreme north-northwest of South America.
Introduction
Social and environmental phenomena caused by variability of the climate have received increased attention in the last decade. Scientific discussions, based on 20 th century data supporting the idea that there is a tendency towards global warming, continue to contribute to the diffusion of the climate change theme through global media and governments. The El Niño South Oscillation (ENSO) is one of these climatic phenomena related to the inter-annual variability of global meteorological patterns. El Niño events are characterised by a relative increase in the temperature of the surface layers of the tropical eastern Pacific Ocean, while La Niña events portray the opposite, i.e. a cooling of the ocean surface water. These events typically occur every 2-7 years and develop in association with large-scale oscillations in atmospheric pressure over the tropical Indian and Pacific oceans (Stewart-Ibarra and Lowe, 2013) . The action centre of ENSO, located in the Equatorial Pacific, influences seasonal wind dynamics, ocean currents, sea surface temperatures and rainfall fluctuations (Nicholls, 1993) . These fluctuations are related to the atypical dynamics of the oceanic currents that mainly occur along the South American west coast in the month of December. Under normal oceanic temperature conditions, the Humboldt cold current reaches the South American west coast and maintains ocean waters at a relatively low temperature resulting in predominately cloudy weather and low rainfall indices in the Andean coastal countries (Kiska, 2000) . During El Niño events, however, the speed of westward warm winds falls along the Andean Pacific coast diminishes the intensity of the Humboldt cold current resulting in rising oceanic temperatures, which affects atmospheric patterns and produces tropical rainfalls. These effects are not restricted to this region but causes increased rainfall also in south-eastern United States of America (USA) and weak summers in the southern and south-eastern regions of Brazil. Particularly intense events were registered between 1984 and 1995, e.g. the ENSO of 1991 was unusually long and in 1997 the relative sea surface temperature rose 4 ºC above the normal of around 21 ºC (Epstein and Sharp, 1993; Manabe and Stoufer, 1993; Kiska, 2000) . In some places, the water temperature peak at >5 ºC above normal temperatures (NASA, 1999) .
The environmental phenomena emerging from the ENSO also influences human health. Although people can adapt to different climates, extreme temperature and moisture conditions may accelerate the spread of diseases transmitted by arthropod vectors (Nicholls, 1993) . One of the most important recent problems is the increase of dengue fever (DF), which is a vector-borne, viral disease. Many insect vectors reproduce best in warm and humid climates, conditions that contribute to the spatial dispersion of tropical epidemics, such as malaria, yellow fever and DF, among others. Research has demonstrated that there is an association between ENSO and vectorborne viral diseases in tropical and subtropical regions (Curto de Casas and Carcavallo, 1995; Cazales et al., 2005; Chadee et al., 2007) . For example, the ENSO events have been shown to be related to fluctuations in the number of malaria cases in the area of Sucre, Venezuela (Delgado-Petrucelli et al., 2012) . In periods of climatic changes, these vectors may also be found in temperate regions of the world. Recently, vectors of Aedes aegypti (Lutz) and Ae. albopictus (Skuse) were found in abundance in the lower Rio Grande Valley, Texas, USA (Vitek et al., 2014) . Extreme ENSO-associated events, like storms and tornados, have also been shown to be related to the number of DF cases, e.g. in Honduras (Moreno, 2006) and the DF incidence in the Caribbean countries is also higher during El Niño periods (Chen and Taylor, 2002; Amarakoon et al., 2008) . The rising sea temperatures during ENSO years are associated with higher numbers of DF cases in cities located along the coast of the Gulf of Mexico (Hurtado-Diáz et al., 2007) as well as in the cities of Suriname, French Guiana and Colombia (Gagnon et al., 2001) .
Four different dengue viruses (DEN1-4) with a 65% genetic similarity cause DF that can show various symptoms resulting in different specific clinical syndromes. The disease was introduced into Central America and the Caribbean from Asia by travellers in three phases starting with the DEN-1 serotype in 1977, followed by DEN-2 and DEN-3 in 1981, while the DEN-4 that can cause haemorrhagic DF did not arrive until 1994 (Wilder-Smith and Gubler, 2008) .
The influence of El Niño on tropical vector-borne diseases has been studied using correlation techniques based on the South Oscillation index (SOI). The SOI indicates the intensity of ENSO events in the Pacific Ocean and is calculated by the following equation (NOAA, 2014) :
where aT SLP and aD SLP represent the actual sea level pressure (SLP) at Tahiti and Darwin, respectively, mT SLP and mD SLP the mean SLP, sdT SLP and sdD SLP the SLP standard deviation and z T and z D the standardised SLP at these two places. N is the number of months.
The SOI has been used as a reference to the climatic variability studies related to the El Niño phenomena and it has been shown that DF is positively correlated with the SOI in many South Pacific countries (Hales et al., 1999) . A study carried out by Amarakoon et al. (2008) in Caribbean countries shows that the SOI has a positive cross-correlation coefficient (r) with the number of DF cases in Trinidad and Tobago (r = 0.53), Barbados (r = 0.47) and Mexico (r = 0.51) with a 4-month lag time. The r coefficient evaluates the synchronism between DF and SOI time series and shows also the number of months, in which a positive association between both series occurs. A forecast model for estimating the potential impact of ENSO on DF transmission in Queensland, Australia has been developed by Hu et al. (2010) . The results show that a SOI decrease is significantly associated with an increase in the number of monthly DF cases. Most of the studies assessing the relationship between ENSO and dengue epidemics are conducted at the country level, so there is a lack of information evaluating this relationship at the continental or global scale. The goal of this study was to examine and map the association between ENSO fluctuations and the spatial distribution of DF in the Americas (Fig. 1 ) using a geographical information system (GIS) approach. The time period of 1995-2004 was selected because it includes the 1997-1998 El Niño, one of the most discussed climatic event of 20 th century (Changnon, 2000) .
Material and methods
Annual data covering DF disease and the total population in all countries in the Americas with autochthonous cases for the period 1995-2004 were obtained from Pan-American Health Association (PAHO, 2007) . Using the formula in equation 2, these original data were transformed into figures giving the annual DF incidence per 10,000 inhabitants by country (AI y ):
where T y is the total number of autochthonous DF cases reported in year y with P y being the total population of that country in that year. The AI y values were mapped using ArcGIS version 10 (ESRI, 2011) and a vector shapefile database containing all borders of the countries in the Americas. Annual anomalies of AI y in relation to the 1995-2004 entire time series were computed using equation 3. The SOI data are reported monthly, while the DF data are available annually. We therefore used the SOI annual mean values (SOI -) rather than the original SOI monthly values (SOI i ), as described by equation 3:
The more negative X -SOI value, the more intensive the El Niño in that year and the more positive this variable, the more intensive the La Niña. ( ) We estimated the spatial weighted mean centre of AI y in the Americas (WAI y ) for each year using equations 6 and 7 adapted from Cliff and Haggett (1998):
where lat w and long w are the latitude and the longitude of the weighted mean centre and AI i the annual DF incidence at longitude i (long i ) and latitude i (lat i ).
To assess the continental ENSO influence on the DF incidence, we calculated the r coefficients between X -SOI and AI y values for all countries that had autochthones cases registered. These r-values were added as a new column to the shapefile attribute table. Subsequently, the r-values were transformed into a point shapefile with each point positioned in the centroid of the country polygons. In the spatial analyst module of ArcGIS version 10, the r-values points were interpolated using the inverse distance weighted (IDW) algorithm, based on a 10 x 10 km grid in the 12 nearest points. This algorithm calculates the r-values for all such grid cells using the mean distance to the nearest points with known r-values as spatial weights. Finally, an r-value isoline map was produced from interpolated values grid using the smooth spline algorithm.
Results
A total of 4,863,598 cases of DF were reported in all the Americas in the 1995-2004 time series. Fig. 2 shows the hierarchy of the years according to the number of autochthonous DF cases reported each year; and the relative predominance of El Niño or La Niña event for that year. The maximum numbers of DF cases in the Americas were reported in 1998 and 2002 (Fig. 3) . In those years, the proportion of infected countries was higher too. In 1996 and 1997, the number of DF cases was small and restricted to just a few countries. In 1999 and 2000, the number of DF cases was also small but reached a greater number of countries, while both the total number of DF cases and the proportion of infected countries were high in 2002.
The results indicate that El Niño activity has occurred in four out of the five years, in which a higher than normal number of DF cases were registered (1997, 1998, 2002 and 2003) . From 1995 to 2004, a slight upward trend in annual DF incidence values for the Americas was noted (Fig. 3) . The annual DF incidence curve oscillated around three peaks: 1995 (AI y = 10.72), 1998 (AI y = 7.64) and 2001 (AI y = 12.36).
DF annual incidence and the mean annual incidence from 1995-2004 values for all countries that had registered at least one DF case in the time series are shown in Table 2 , and the standardised values in Table  3 . Fig. 4 shows the DF annual incidence anomalies 5 shows the standardised annual DF incidence from selected countries of the Americas and SOI anomalies. It was noted that the association between SOI and DF varied positively and negatively from one country to other. In selected countries (Cuba, Belize, Guyana and Costa Rica) negative correlation coefficient values between DF annual incidence and SOI (P = 0.025) were noted. In those countries, there was a relative synchrony between positive deviations of the DF annual incidence and negative deviations of SOI values.
In 1996 and 1997, the DF annual incidence and SOI deviations oscillated in an inverse way, passing from low DF and high SOI deviations in 1996 (La Niña) to high a DF annual incidence and a low SOI deviation in 1997 (El Niño). In 1999 and 2000 (two consecutive La Niña years), negative DF annual incidence deviations were associated with positive SOI deviations. From 2002 to 2004 (El Niño event years), this relationship was only maintained in Costa Rica. These associations are better seen in the two stronger El Niño years 1997 and 2002 (Fig. 5) . In these years, the two higher positive deviations of the DF annual incidence were seen linked to the two lower SOI negative deviations. The right part of Fig. 5 shows the association between SOI and DF graphs from Paraguay, Suriname, Bermuda and Nicaragua. These nations presented relatively positive correlation coefficient values between the annual DF incidence and SOI (P = 0.10 and 0.025, respectively). In Paraguay, Bermuda and Nicaragua, the higher DF incidence positive deviation occurred in 1999 (the strongest La Niña event year in the series) and was synchronised with a positive SOI deviation. The graph from Suriname shows a direct link between the lower negative SOI and the lower DF incidence deviation, The evolution of spatial weighted mean centre of annual DF incidence, by hemisphere, is shown in Fig. 6 . In the northern hemisphere the spatial weighted mean centre of DF incidence moved slightly southward passing from WAI 1995 = 12°16' N to WAI 2004 = 8°35' N, while the WAI y showed a different variation in the southern hemisphere. From 1995 to 1998, a latitudinal expansion to the south (WAI 1995 = 06°31' S to WAI 1998 = 12°16' S) occurred. In 1999, the spatial weighted mean centre reached the maximum southern position at WAI 1999 = 21°12' S. In general, the spatial weighted mean centre of the DF incidence tended to move south in both hemispheres, but the expansion was more intense in the southern hemisphere, particularly in 1999. Fig. 7 shows the spatial variation of SOI-AI y association based on r-value interpolation that visualises that the influence of ENSO on dengue fever was greater in countries located in Central America, Mexico and some of the northern Caribbean islands. The results show that the association between SOI and the annual DF incidence seems be more intense in the extreme north of South America, in some Andean regions, in the northwest and along the central Pacific coast and in northern Brazil. The DF-SOI association decrease quickly toward southern and northern high latitudes of the Americas.
Discussion
The southward expansion of the spatial weighted mean centre tendency observed in our research has been confirmed by recent DF outbreaks registered in Bolivia, the northern provinces of Argentina and in the Buenos Aires metropolitan area (Guzman and Istúriz, 2010) . While DF has a pronounced circulation in most Caribbean countries, no viral activity was detected in Cuba from 1982 to 1996 (González et al., 2005) , perhaps due to its political and economical isolation. However, in 1997 -a strong El Niño year -a positive deviation of the DF incidence in Cuba was noted confirming a possible positive ENSO influence.
Extreme weather events associated with ENSO, such as storms and tornados, occur with great intensity in the Caribbean region. These events may have influenced vector-borne disease outbreaks, DF in particular, in Guatemala, Belize and Nicaragua (Moreno, 2006) . The high annual DF incidence values in the Caribbean may also be explained by the great number of discarded tires and water containers disposed with garbage and in many of the islands as this contributes strongly to the growth and Aedes larvae and spread of the vector (Amarakoon et al., 2008) . It has been observed that the most infected Caribbean countries in the 1980-2001 time series were Trinidad, Tobago, Barbados, Jamaica and Porto Rico (CampionePiccardo et al., 2003; Depradine and Lovell, 2004; Amarakoon et al., 2008) .
It is possible that all four serotypes were around in the Caribbean and Central American countries during the study period, thus contributing to the higher DF incidence these years. The mobility of people among Caribbean islands is another factor that no doubt has also contributed to the rapid geographical dispersion of DF serotypes in that region after 1981 (Carrington et al., 2005) . In Mexico, the four serotypes were introduced after 1981 and the greater epidemic of 1995-2004 period occurred in 1997. The association of the following factors influenced the intensity of these outbreaks there: people living in slums; the practice of keeping water in containers for use in the dry season; no diary garbage collection; and the climatic factors. Hurtado-Diáz et al. (2007) claim that that the rise of the sea surface temperature is also associated with the increase of DF cases in Mexican counties located along the Mexico Gulf based on a regression coefficient of r = 0.51 between the sea temperature and the number of weekly reported DF cases in state of Vera Cruz. While dry conditions persist during winter in northern South America, USA's southwest, the Yucatán Peninsula and Cuba in El Niño years, moist conditions associated with the northern Pacific Ocean occurs.
Corroborating our research, a study carried out by Gagnon et al. (2001) confirms the dependence between ENSO and DF cases in Suriname and French Guiana. The waves of DF epidemics that occurred in Brazil from 1994 to 2002 spread to almost the whole country with all four serotypes (Siqueira et al., 2005) . In 2002, a strong El Niño year, 89.6% of Brazilian counties registered DF cases. Based on data, Stewart-Ibarra and Lowe (2013 found that the ENSO has a strong influence on anomalies with regard to minimum temperature and precipitation in Ecuador, influencing the seasonal Ae. aegypti population dynamics.
Conclusions
The influence of ENSO on DF incidence and increase of the number of cases is particularly significant in Central America and Caribbean countries. This influence decreases rapidly with increasing of latitudes, mainly in South America. The southward, spatial dispersion of DF is particularly evident in the strongest El Niño years with DF also reaching countries located in the Andean region and at higher latitudes areas of continent. Although the climatic effects of ENSO reach continental scales, its influence on dengue epidemics depends on local environmental, demographical, social and economical particularities. Therefore, the planning of public health interventions aimed combating the dengue epidemics should consider the socioeconomical vulnerability of each region of the country compared to the ENSO intensity in the same year.
